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abstract
Theelectxicenergyloss，dependingonlmpactpammeter，ofswiftionsincollisionswith
moleculeandatomtargetswastheoreticallyinvestigatedwiththedielectricfimctionmethod、
Thestoppingpowerwascalculatedontheba8isofLindhamdielectricfi'nctionwiththelocal
densityapproXimation(LDA).Herebywetakeintoaccounttheinnershellexitation,aswellas
the，，plasmon，，excitation・Themolecul麺efIbctthatthestoppingpowerperatomofamoleculm
targetissmalleｒｔｈａｎｔｈａｔｏｆａｎａｔｏｍｗａｓｆｂｕｎｄｆｂｒｔｈenitrogenmoleculetarget．
lntroduction
Theenergylossorthestoppingpoweri8importantquantityontheatomiccollisionresearch・
Itiswenknownthatthestoppingcrosssectionispropotionaltothevelocityuoftheincidention
atlowvelocitiesanddecreasesas(1/Ｕ２)logひ2athighvelocities､FbranatomictaJFget,thest。p‐
pingpowerfbrmulaewereobtainedbyBetheandB1ochathighvelocitiesandbyFirsovatlow
velocities・ThereisnotheoreticalfbrmuladerivedfiFomthefirstprincipleintheintermediateve‐
locitiesregion・Ontheotherhand,fbrtheelectrongasLindhard,Ｈ１tChieandothertheoreticians
presentedthestoppingfbrmulae,wheretheinducedpolarizationofthemediaplayanimportant
role・AtypicalfbaturCheZ℃ｉｓｔｏｂｅａｂｌｅｔｏｐｒｅｓｅｎｔｔｈｅａｂｏｖｅｍｅｎtionedvelocity-dependencesof
thestoppingpoweratlow-andhigh-velocities・ThosetwoasymptoticbehaN'iorsofthestoppmg
powermthenonrelativisticregionareconnectedsmoothlyintheelecrtrongasmodel,apartfrom
theabsolutevalues・Ｉｎｔｈｅｅｌｅｃｔｒｏｎｇａｓ，therearetwoexcitationmodes：oneistheindividual
andtheotheristhecollectiveexcitation・Athighvelocities,theconectiveexcitationmodemakes
anequalcontributiontothestoppmgastheindividualexitationmode・Theexperimentaldata
ofthestoppingcrosssectionofthevMousgasesM'epresentedbyseveralgroup[1-4]、Itis
well-knownthatathighvelocitiesBragg，sadditiveruleholdsvalid，Usually,themolecularefIbct
wasnottakenintoaccuntthere…Ａｔｌｏｗｅｒvelocities，however，itweUbeexpected・Ａｓｆａェas
theauthorsknow，ｔｈｅｒｅｗａｓｎｏｔａｎｙａｎａｌｙｓｉｓｏｎｔｈｅｍｏｌeculaJ｢picture・Ourmotivationisto
evaluatethestoppingpowerofthemoleculaJPgasesintheframworkofarelativelysimplebuta
powexfidmodeLThepresentmethodwiUbeextendedtotheestimationofthe配latedenergy
depositionphenomena・
Ｗｅｓｔa正twiththebriefdescriptionofthestoppingpowerandthedielectricfi1nctionwith
thelocaldensityapproximationAfterthat，wecomparethecalculatedresultswiththedata・
Finanythesummaryandtheconclusionaredescribed．
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StoppingpowerfbrmulabyClielectricfhlnction
lngeneral,thestoppingpowersisdefinedbytheenergylossofaparticlepassingtl1roughpath
unitlengthas dES＝－－ （１）dz
whereEisthekineticenergyandxisthepathlengthofaprojectile・Whentheprojectilemoves
inthetargetelectronga8，ｔｈｅｅｌｅctricpolarizationismduced・Thisworksasaresistantfbrce
i.e､，thestoppingpower・Hence,thestoppmgpowerfbrmulaisrewrittｅｎａｓ
s－翌－１ｹﾞⅦ毫芋繩,#）ｄｚＵ (2)
－ －
wllereFisvelocity,Z1eandRaretheChargeoftheprojectileanditspositionvector,Fisthe
inducedelectricfieldandtisthetime・InordertogeMhestoppingpower,theinducedexpression
oftheelectricfieldshouldbefbundTbdoso,wecallMaxweU，sequation
－●▽F(冠ｔ)＝－４７r{p・錘`(冠ｔ)一仇,M'(噸))，
→▽、(冠ｵ)＝--4行ﾉo…(代ｔ）（３）
→
ｗｈｅｒｅＡ』Dtistheexternalcharge，仇ねdistheinducedelectrondensityandDistheelectric
displacement、BysolvingaboveequationsintheFburierspacewiththedefinition
-D－６→か(舟,Ｌｕ)==e(Ａｗ)F(A,ｕｊ)，（４）
ｗｅｈａｖｅ ハル'薑{1-満)･ルハ
帥)一源芸川岬）
ByEqS.(5)and(6),theinducedelectricfieldisfbundｔｏｂｅ
１ｗ－鵡謬{し赤)`ルル
Here,astheexternalchargeisassumedtobeapointCharge,ｏｎｅｈａｓ
仇鈍(ん,似)＝2オルルーハ句．
Therefbre,fromEq8.(2),(7)and(8),thestoppingpowerisreducedto
(5)
(6)
(7)
(8)
作鴛ﾉr脳ルポ(1-称｝ (9)
Ａｓｓｈｏｗｎｉｎｔｈｅｎｅｘｔｓｅｃｔｉｏｎ，therealpartoftheinversedielectricfUnctionisanevenfUnction
ofLｕａｎｄｔｈｅｉｍａｇｉｎｍｙｐａｒｔｉｓａｎｏｄｄｆｍｃｔionwithrespecttoLu・Thenthestoppingpower
finallybecomes ＆臺響川"…{１－病｝（m’
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Ｗｅｒｅｍａｪkthattheimaginarypa正tofthedielectricfilnctioncanonlycontributetotheelectronic
stoppingpower．
Dielectricfhmction
Wbconsiderthesystemofthefreeelectronsmovingmtheunifbrmpositivebackground・The
Hamiltonianofthissystemiswrittenas
炸工-条△`+鵯☆-％８ (11）
where角isthepositionvectorofthei-thelectronand△idenotestheLaplaceoperatorwith
配spectto鏡.Wbistheinteractionpotentialbetweenthefreeelectronsandtheunifbrmpositive
backround・HweexpzessthesecondterminEq.(11)intheFburierspace,oneobtains
昨ｴｰｴ△什乙等卿臘，ｉ２ｍｅｋ(≠o） (12）
wherepk＝Zje-朔isthedensityfluctuationoperatorHerewedmPtheconstanttermsof
nointerest、
Theinteractionpotential打ｍｄｂｅｔｗｅｅｎｔｈｅｅｘｔｅｒｎａＪｃｈｍｇｅａｎｄｔｈefreeelectronsisalso
expressedmtheFburierspaceaS
弘耐－慨Ｚ等,1,ルルｗも （13）ん,GU
whereりisthepositiveinfinitesimalbecausetheinteractionisintroducedadiabatically、With
Eqs.(11)and(13),theinducedchargedensityintheelectrongasisobtajnedwithinthepertur‐
bation
，M恥'一鶚M'舸二(I竺竺i笑;！;-鰐等弩;）’Ⅲ’
where向ａｎｄ‘”arethewaﾊﾞｸﾞefUnctionsofaninitialstatelO＞andafinalexcitedstatel〃＞，
EbandE感亟theenergyinaninitialstateandafinalstate,andい"0＝(Eね－ＥＣ)/ｈ、By
substitutingEq.(14)intoEq.(5),theinversedielectricfhnctionis
Ⅲ-満壽等専幽:｢諾十2町)，（'`）
where九oistheosciUatorstrengthofthefbｒｍ九０＝（2me/ﾊﾙ2胆"01<ゆれlpkl妙0>'2．USinga
mathematicalrelation：
為詐('叶姉'鰯）（，→O+)，
theinversedielectricfmctioncanｂｅｄｉｖｉｄｅｄｉｎｔｏｔｈｅｒｅａｌｐａｒｔａｎｄｔｈｅimaginarypart・
比{満ト+祭z'(②小臘は．w(篭）
伽{赤}‐鶚､w小１ドル伽'一地+伽肌’⑥
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Ｗecanseefromthisequationthatthe正alpartisanevenfimctionof`gandtheimaginarypart
isanoddfimctionBythisrelation,onerealizesthatEq.(9)mayberewrittenbyEq.(10）
DielectricfimctionandindMdualexcitation
Lindha近dhaﾊﾞﾉecalculatedthedielectricfhnctionoftheelectrongasatT=0[K]､Inthismodel
theelectrongasinthegroundstateｪ℃ceivesamomentumhAfinomtheexternalelectricfieldand
isexcitedoutoftheHrmisphere・SincetheelectronsoccupythemomentumspaceintheFbrmi
sphe囚e,themomentumofanexcitedelectronisanowedtorange
ﾊﾙＦ＜ｈｐ＜ｈ(ＡＰ＋A)， (17）
whereAFistheFbrmiwaﾊﾞｸﾞｅnumber・Therefbre,theoscinatorstrengthbecomes
允炉幾ＭＭA)'醗一幾幽(戸+偏恥(1-耐肝陶}
→ｈ(が＋j【;)ｚｈｐ２．(川ルー蔬冒一雨聯-{;{;葵:Ｉ
(18）
－か
where伽(が+Ｍ)istheenergytransfbrandn励istherbrmi-Diracdistributionfimction・Then，
thedielectricfimctionisreducedｔｏ
2Ｌｕ(が＋j;,句(１－"鍼,｡)，，蔵。1-ホー篶乙Ｐ (19）－(‘(】ｦ＋舟,jﾗ)２－`ルノ＋ｵﾜ）
BycalculatingtheaboveeqUation,weobtajntheLindharddielectricfｉｍｃｉｏｎａｓ
ｅ(1ＭＪ)＝ER(A,幻)＋j6I(1Ｗ)，
ｅＲ(z,u)＝’＋(x2〃2)f,(z,u)，ＧＩ＝(x2/z2)た(z,u)，
(20）
(21）
f,い)-;+±{1-(←趣)塾)、 ｚ－ｕ＋１ +±{1-(叶越)')'。 ｚ＋ｕ＋１ (22）ｚ－ｕ－１ ご＋ｕ－１
〃Mf1-E… (23）
X2＝uO/ｍｊＦ．
P1asmonexcitation
Thecollectiveexcitationinducedintheelectrongasiscalledtheplasmonexcitation．Ｔｈｅ
dispersionrelationoftheplasmon②＝幻(ん)isobtainedfrome(ん,ｕｊ(ん))＝OLetusconsider
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onlytherealpartofthedielectricfimction・BythedenominatorandthenumeratoｒｉｎｌＯｇ麺e
expandedintermsofu士zfbru＞ｚ＋1,Ｅｑ(22)becomes
１２２＋３Ｕ２４z２ １八Ｍ-;号吉冒-5T両戸T+姉2-趣,)劉十～ （24）
Ｉｎｔｈｅｒｅｇｉｏｎｏｆｕ＞ｚ＋１，theimaginarypartofthedielectricfhnctionautomaticallyvanishes、
Then,ｆｒｏｍ
ｅＲ＝Ｏ＝１＋八(z,u)，（25）
weobtajntheplasmadispersionfimction
蝋z=纂十:+'，…;+梺彫十為三Aろ (26）
where(ｑｐａｎｄｔ)FistheplasmaoscinationftequencyandtheFbrmivelocity,respectively、Itis
generallyknownthattheoscmatorstrengthshouldsatisfythesumrule：
Ｅ九・＝〃
”
Bysubstituting②ｎｏｉｎｔｏＥｑ.(15)andusingthesumrule,theimagina睡ｙｐ航。ftheinverse
dielectricfmctionis
…{満}臺鶚,…薪"Ⅳ (27）
Usingthemathematicalequation
`(露)=概壼ﾉ〔二`Ｍ孵娼圭錆，
Eq.(27)becomes
肋{命)薑芸ⅢA)
BysubstitutingEq.(28)intoEq.(10),wefinallygetthestoppingpoweroftheplasmonis
＆=響h髪，
(28）
(29）
●
（五二
〃〃〃Ｕ
ロロユ『００〃Ⅱｊ
、Ⅱ■０〃〃ﾊｰｰ{2(⑳2-3端/5)－２ (U2-3ひ;/5)２－②；
Here,ｔｈｅｕｐｐｅｒＵｍｉｔｏｆｈ,hcisthecrossingpointbetweentheplasmadispersioncurveandthe
ｌｉｎｅｏｆｊｚ＝ｕ＋１．Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，thelowerlimitハーisthecrossingbetweentheplasma
dispersionandthecurveu＝ｕｋ．Thetotalstoppingpowerisobtajnedasthesumofthe
contributionoftheindividualexcitationandtheplasmonexcitation．
Localdensityapproximation-LDA
Thestoppingpowerisfbrmulatedbythedielectricfimctionmethod・Inordertopredictthe
stoppingpowerespeciallyathighvelocities,wewouldliketoadoptthelocaldensityapproxlma‐
tion(LDA),becauseoftakingintoaccounttheinner-sheUexcitation・Thismethodisvalidinthe
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high-velocitycases・Sofhr,weknowthegaseousLDAandthesolidLDA[5]､Ifitcanbeassumed
thatthenumberdensityp㈹｡ftheelectronvariessmoothlyasthefmctionofaposition冠we
canreplacM(thisisconstant)bythelocaldensityp(句．Hence,IfwedefinethelocalFbrmi
velocityUF(句＝(ｈ/ｍｅ)[3汀2p(句]'/3andthelocalplasmafrequency幻，(句＝[4斤e2p(Ｗｍｅ],the
stoppingpowerfbrmulaoftheatoｍｉｃＬＤＡｉｓ
昨鶚Ⅳﾉ(~姉川 (30）
whereＬ(nisthelocalstoppingnumberJVdenotesthenumberdensityofthetaごgetatoms・
Thestoppingpowerofthedielectricfimctionisonlythecontributionoftheouter-shellelectrons，
theLDAstoppingpowershouldincludethecontributionoftheinner-andtheouter-shellexci-
tationTheelectrondensityoftheatomicLDAapproacheszeroatdistancefarfromthenucleus・
NotethatiMheLDAtotalenergyloss,thecontributionofalltrajectoriesisindependentof
themolecularorientation・Thisisbecauseeachvolumeelementcontributestotheenergyloss●
independentlyiandthetotalenerｇｙｌｏｓｓｉｓａｓｉｍｐｌｅｓｕｍｏｆｔｈｅｓｅｃｏｎｔｒibutions・Ｈｅｒｅｗｅｃａｎ
ａｓｓｕｍｅｔｈａｔｔｈｅｃｏｕｌｏｍｂｄeflectionaｴeneglected．
ElectronClensity
lnordertostudythemolecularefIbct,wecalcul帥ｅｔｈｅＬＤＡｓｔｏｐｐｉｎｇｐｏｗｅｒｏｆａＮａｔｏｍａｎd
aN2molecule・TheelectrondensityofaNatomisdeterminedftomtheRoothaan-Hart正e-Fock
wavefmctionbyClementiandRotti[6]・Thewaﾊﾞﾉefunctionfbrls’2sand2pstatesareasfbllws：
‐(1s）
‘(2s）
ｊ(2p）
0.93780Ｘ１＋0.O5849X2＋0.00093X３－０.OO170X4＋OOO574X5＋0.00957X6,
-0.21677X１－０.OO846X2＋0.1799lx３＋0.67416Ｘ４＋0.31297X5-0.14497Ｘ6,
0.26639Ｘ７＋0.52319Ｘ８＋0.27353Ｘ９＋OO1292X1o， （31）
2-1/2{2×（､}'/2岬(－（､r)】/６０(0,①）
2-1/2{2×ｆ,､)3/2reZP(-（"r)Ｙｂo(0,の）
2-1/2{2×("}3/2ｒｅｚＰ(_（､『)yio(0,の）
(〃＝1,2)，
(、＝３～6)，
(”＝７～10)，
〃
〃
〃
ｘ
ｘ
Ｘ
(32）
where（,＝6.45739,（２＝11.17200,（３＝1.36405,亀＝1.89734,〈５＝3.25291,（６＝5.08238,
（7＝1.16068,‘8＝1.70472,（g＝3.03935,(,ｏ＝OO1292andYboandyio,aresphericalhermonlcs・
InthispapertheelectrondensityisaussmedtobesphericallysymmetrｉｃｓｏｔｈａｔｗｅｔａｋｅＹｂｏ
ａｎｄ】/iotobe(4行)-1/2．FigurelshowsthespatialdensityoftheelectronsinａＮａｔｏｍ・The
spatialelectrondensityinaN2moleculecangetfromthesumoftheelectrondensitiesoftwoN
atoms,wheretheinteratomicdistanceis2068(＠.u､)[7）
Resultsanddiscussion
Figure2showstheLDAstoppingcrosssectionspｅｒａｔｏｍｏｆｔｈｅＮａｔｏｍａｎｄｔｈｅＮ２ｍｏｌｅｃｕle
fbraproton・ThesolidcurveandthebrokencurvedenotetheN2moleculartargetandtｈｅ
Ｎａｔｏｍ,respectivelyThesymbols○，×，△ａｎｄ＋denotetheexperimentaldataofOrmrod，
Phimps，RcyoldsandBichsel，respectibely・Ｉｔｓｈｏｗｓｔｈａｔｗｈｉｌｅｔｈｅｄａｔａａｒｅｌａｒｇeｒｔｈａｎｔｈｅ
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Fig.1．Theprobability
densityoftheelectronina
nitrogenatom・Ｔｈｅsolid，
thebrokenandthedotted
linesdenotetheprobabil‐
itydensityofls，２ｓａｎｄ
２ｐ，respectively・Ｔｈｅａｂ－
ｓｃｉｓｓａｉｓｇｉｖｅｎｉｎｔｅｒｍｓｏｆ
thevambler/ｑＢ．（qBis
theBohrradiu8）
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calculatedtwoLDAcurvesaroundthepeakvelocities,thedataaJpesmaUerthantheLDAcurves
atlowvelocites・ComparingtwoLDAcurves,themolecularoneyieldsthelowervaluesthanthe
atomicone・WecanthisthemoleculaJ?efIbct・ThisefIbctappearsaJPoundthepeakenergydown
tothelowenergies・Thisisduetotheincreaseofbindingoftheelectronsinthemolecularby
theoverlapoftheatomicelectrondensity
Fig.2．Thestopping
crosssectionperatomof
anitrogengas・Ｔｈｅｓｏｌｉｄ
ａｎｄｔｈｅｂｒｏｋｅｎｌｍｂｓｄｅ－
ｎｏｔｅｔｈｅｍｏｌｅｃｕｌｅＬＤＡ
ａｎｄｔｈｅａｔｏｍＬＤＡ，re-
spectiverybThesymbols
○，×，△ａｎｄ＋denote
theexperimentaldataof
Omnrod,Phillips,Reyolds
andBichseLrespectively､
Theabscissaisthekinetic
energyofanincidentpro－
tｏｎ．
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二
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Kabachnik[8]perfbrmedasimil麺calculationfbrtheenergylossofaHe2＋iontraﾊﾉer8ingN2
moleculartargetastothecasewhe定theionismcidentbothalongthemolecularaxisdirection
andtheperpendiculardirection，respectively・TheyusedtheLindhardfbrmulaapproximated
inthehighvelocitiｅｓａｎｄｔｈｅｅｌｅｃｔｒｏｎｄｅｎｓｉｔｙｏｆＭＯＬＰＲPcode・ＡｓｆＥｒａｓ，theyconsidered
thestraggling・Figure3showsacontourplotonthedepositedenergy(ineV)calculatedby
Kabachnik[8]fbrcoUisionsofHe2＋ionswithN2molecularattheincidentenergyof2MeV・The
outemnostsolidlinecorrespondstoanenergylosｓｏｆｌＯｅＶ・Otherlinesaredrawninstepsof20
eV(a)｡rl5eV(b）Theinnermostlineco泣espondstoanenergylosSofl70eV(a)and85eV(b)．
叩川０■■ 伽呵伽１，０１
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』
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Fig.3．Thedepositedenergy(ineV)fbrthecollisionofaHe2＋ionwithaN2moleculeat
theenergylossof2MeVbyKabaChnik[8］Theoutermostsolidlinecorrespondstoanenergy
lossoflOeVOtherUneaJ【edrawninthestepsof20eV(a)ｏｒｌ５ｅＶ(b).Theinnermostline
correspondstoanenergylossofl70eV(a)and85ｅＶ(b)．
Inthiscalculation，Kabachnikpresentedthatthestoppｉｎｇｃｒｏｓｓｓｅｃｔｉｏｎｉｓ３２４×１０－１５
(eVcm2/atom)andtheexprimentaldata(9]ｉｓ３７．４×10-15(eVcm2/atom)．UsingourLDA
model,wealsocalculatedtheenergylossoｆａＨｅ２＋ｉｏｎｆｂｒａＮ２ｍｏｌｅｃｕｌｅａｎｄｃｏｍｐａｚｅｄｗith
Kabachnik，s・Figures4and5showourcalculatedresults・Thevaluesofcontourstepsare
thesamewithKabaclmik，s・BuIjitisthedifIbrentpointthatthoseinnermostcontourscorre-
spondtoanenergylossofl50eV(fi9.4)and８５eV(f19.5)．Ａｎｄthestoppingcrosssectionis
272×10-15(eVcm2/atom)．ＯurresultissmallerthanKabachnik,sre8ult、Thisisduetothe
straggling．
ﾕiiEFiJLii３２１０引丑剣
－８－２－１０１２３
Fig.4．Ｔｈｅｅｎｅｒｇｙｌｏｓｓｏｆａ
Ｈｅ２＋ionfbraN2moleculealong
-８－２－１０ ２３
Fig.5．Ｔｈｅｅｎｅｒｇｙｌｏｓｓｏｆａ
Ｈｅ２＋ionfbraN2moleculealong
pemendicular
axis
ｔｏｔｈｅ molecularthemolecularaxis
lnthedielectｴｺﾞcfilnctionmethod,ｔｈｅａｔｏｍｉｃＬＤＡｅｎｅｒｇｙｌｏｓｓｔｅｎｄｓｔｏｂeoverestimated帥
lowvelocities・Therefbre,thetheoreticalresultofthestopplngcrosssectionislargerthanthe
eXperimentaldataatthelowvelocities,butathighvelocitiesthetheoreticalresultagreeswith
experimentaldata・Inspiteofaslightoverestimation,ourresultshowsacle麺difIbrencebetween
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StoppingPowerofMolecularTargetbyLocalDensityApproximation 6３
atomictargetandmolecularta砥get・
Sincetheelectrondensityofthemoleculeisgreaterthanthatoftheatｏｍ,IihemoleculeLDA
stoppingperatｏｍｉｓｓｍａＵｅｒｔｈａｎｔｈｅａｔｏｍＬＤＡｏｎｔｈｅｗhole、Thecotributionoftheenergy
lossoftheparticlepassingthroughinteratomicregionissuppressedbecausｅｏｆｔｈｅlocalFermi
velocity6Theelectrondensityisenhancedthere・Thisenhancementworksstronglyatlowand
intermedi帥evelocities，ｂｕｔｄｏｅｓｎｏｔｗｏｒｋｓｏｍｕｃｈａｔｈｉｇｈｖｅｌｏcities・Therefbre,themolecuar
efIbctappearsatthelowvelocities,butdoesn，tappearathighvelocities・
Inthiscalculation,ｗｅusetheoverlapofthestatisticalelectrondensities、However,ｏｎｅmight
thinkthatitissignificantlydifhentfromthequantum-mechanicalelectrondensityblbcheckit，
wecompareinfig､6thepresentandthequantum-mechanicalelectrondensityofaN2ta腰get[10)．
Asshowninfigure,thestatisticalelectrondensityweUapproximatesthequantum-mechanical
one、Thenouranalysiscanbeconsideredtobewellreasonablewithintheemployedmodel．
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Ｚ・１２:,， Fig.6．Comparingthestop‐ｐｉｎｇｐｏｗｅｒｏｆａＮ２ｍｏｌｅｃｕｌｅ
ｆｂｒｔｈｅｅｌectrondensitywiththe
moleculeorbitalandwiththe
atomorbitalfbrtheproton-N2
moleculecoUision．
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